Introduction
Bone formation comprises a complex set of events that begins with the recruitment and proliferation of osteoprogenitors followed by cell differentiation, osteoid formation, and mineralization. It has been recognized that bone is unique and has a vast potential for regeneration from stem cells (1, 2) . A number of reports have indicated there is a potential for mesenchymal stem cell (MSC) transplantation from bone marrow for a variety of skeletal disorders (3, 4) . The development of MSC differentiation from human bone marrow along specific lineages in combination with biomimetic scaffolds provides the possibility of tissue engineering for bone and cartilage (5) . The ability of progenitor cells to attach to a scaffold surface during early stages is important in the development of new tissue structures (6, 7) .
The initial contact of the cells with the implant surface is an important event for adhesion of the bone cells that influence osseointegration. One strategy to improve osseointegration that has been tried involves the precoating of implants with an extracellular matrix protein for use as a scaffold, which enables specific cell-extracellular matrix interactions, along with the use of growth factors to facilitate the differentiation of the osteoblasts (8, 9) . Extracellular matrices, such as collagen type I and fibronectin (FN), are effective in promoting cellular Journal of Oral Science, Vol. 46, No. 4, [207] [208] [209] [210] [211] [212] [213] 2004 Differentiation of the human mesenchymal stem cells derived from bone marrow and enhancement of cell attachment by fibronectin adhesion and spreading, and they possess a RGD (arginineglycine-aspartic acid) sequence, which is recognized by integrins (10) (11) (12) . Signaling occurs when integrins bind to the extracellular matrix and results in changes in the expression of select genes that control the initial preosteoblast/osteoblast adhesion, proliferation and maturation (10) (11) (12) . The aims of the present study were to examine the early stages of cell attachment and the spreading of human mesenchymal stem cells (hMSC) derived from bone marrow on surfaces that were modified by FN.
Materials and Methods

Cell culture
The Poietics TM Human Mesenchymal Stem Cell product (hMSC; Lot No. 9F1938) was obtained from Cambrex Bio Science Walkersville (East Rutherford, NJ, USA). The cells were cultured in MSC growth medium (MSCGM; the cell system components consisted of the MSC basal medium and the SingleQuots ® growth supplements MCGS, which contained fetal bovine serum (FBS), L-glutamine and penicillin/streptomycin; Cambrex Bio Science Walkersville) in a humidified incubator (Forma CO 2 incubator MIP-3326; Sanyo Electric Medical System, Japan) in the presence of 95% air and 5% CO2 at 37˚C. In the experiment for osteogenic differentiation, hMSC from the 5th to 7th doubling passages were seeded at 3.1 × 10 3 cells/cm 2 in MSCGM. After 24 h, the media was changed to MSC osteogenic induction medium (MSCOIM; the cell system components consisted of MSC basal medium and the osteogenic SingleQuots ® that contained FBS, Lglutamine, penicillin/streptomycin, dexamethasone, ascorbate, and β-glycerophosphate; Cambrex Bio Science Walkersville,). The media was changed twice a week. The schema for the culture is shown in Fig. 1 .
Microscopic observation
Morphology of hMSC was observed by phase-contrast microscopy and pictures were taken of the specimens (DP12, Olympus, Tokyo, Japan).
Histochemical analysis
Mineralization of the cell layer was examined through the use of alizarin red S or von Kossa staining. The cell layers were washed twice with phosphate-buffered saline (PBS) fixed with 10% formalin solution for 30 min, and then washed with pure water two times. For alizarin red S staining, the cells were placed in 1% alizarin red S (Kanto Chemical, Tokyo, Japan) solution for 10 min, washed with pure water three times and then air-dried. The von Kossa staining was performed according to the method of Jaiswal et al. (1) . Briefly, the cell layers were placed in a 5% silver nitrate (Kanto Chemical) solution for 10 min, and kept in the dark. After washing with pure water, the cell layers were then exposed to bright light for 15 min.
Calcium assay
Calcium content was measured using a calcium assay kit (Sigma Diagnostics, St. Louis, MO, USA). Briefly, the cell layers were washed twice with PBS. Calcium in the matrix was dissolved with 0.5 M HCl, assay reagent was added, and then the sample was measured at a wavelength of 598 nm.
Alkaline phosphatase assay
The cell lysate was obtained through the use of a solubilizing solution (0.01% NaCl, 0.1% Triton X-100), incubated with p-nitrophenyl phosphate solution (Chemicon International, Tenecula, CA, USA) at 37˚C, and then 1 M NaOH was added to stop the reaction. The samples were measured at a wavelength of 415 nm. ALP activity was calculated per 10 5 cells, and was determined from a pnitrophenol standard curve with 1 unit representing the release of 1 µmol of p-nitrophenol per min at 37˚C.
Real-time PCR
Total RNA was extracted using TRIZOL Reagent (Life Technologies, Gaithersburg, MD, USA) and the FastPrep FP120 Instrument (BIO 101, Vista, CA, USA). cDNA was synthesized using a GeneAmp RNA PCR kit (PerkinElmer, Norwalk, CT, USA). The real-time PCR was carried out using a DyNAmo SYBR Green qPCR kit (Finnzymes, Espoo, Finland). The PCR mixture, which contained 20 pmol of forward and reverse primers and 2 µl of cDNA, was subjected to amplification with a DNA Engine Opticon 1 (MJ Research, San Francisco, CA, USA). The cycles were set at 95˚C for 10 min for preheating, followed by 40 cycles at 94˚C for 15 sec, 55˚C for 30 sec and 72˚C for 30 sec. The amplicons were detected directly by measuring the increase in fluorescence caused by the binding of the SYBR Green I dye to gene-specific, amplified, doublestranded DNA using a DNA Engine Opticon 1. Following the completion of the PCR reaction, the temperature was raised from the annealing temperature to 95˚C for a melting curve analysis.
The initial template concentration was derived from the cycle number at which the fluorescent signal crossed a threshold in the exponential phase of the PCR reaction (CT-value). The number of transcripts was determined based on the threshold cycles of Cbfa-1, BMP-4 and GAPDH. ∆CT (CT-Cbfa-1 or BMP-4 minus CT-GAPDH) designated the relative abundance of the Cbfa-1 or BMP-4 transcript. ∆∆CT (∆CT-osteoinduction minus ∆CT-day 0) represented the relative n-value compared to the control. 
Fibronectin coating
After pouring 500 µl of 6.25 µg/ml fibronectin (human plasma; KOKEN, Japan) or 50 µg/ml albumin (Alb, human; Funakoshi, Japan) in PBS into the wells of a 24-well tissue culture plate (Corning Cell Wells, Corning, NY, USA), the plates were then incubated at 37°C overnight for coating, after which the wells were washed twice with PBS.
Cell adhesion
For adhesion experiments, hMSC were plated at 4.5 × 10 4 cells/well in a 24-well plate. The cells were cultured in MSC basal medium that was supplied with L-glutamine and penicillin/streptomycin, and serum free in a CO2 incubator, and then the cells were detached by 0.05% trypsin and 0.02% EDTA. Cell numbers were counted with a coulter counter (Model ZM, Electronics, UK).
Statistics
Multiple samples were collected for each measurement, and the results were expressed as means ± SD. A Student's t-test was used for the analysis of the difference.
Results
Differentiation of hMSC
We first examined the ability of hMSC to differentiate into osteoblasts using MSCOIM. Most of the cells that attached to the plastic surface exhibited a fibroblast-like spindle shape. They proliferated to form a uniform confluent cell monolayer and became cuboidal in shape 4 days after changing from MSCGM to the MSCOIM (Fig. 2) . The hMSC cultured in MSCOIM stained weakly on day 10, but stained strongly on day 13 or 17 when exposed to alizarin red S, which indicates calcium deposition (Fig. 3) . On day 21, formed calcium phosphate deposition was observed after von Kossa staining. In contrast these cells were not found in MSCGM cultures (Fig. 4) . Calcium contents of the hMSC cell layers on day 21 were also found to have increased in MSCOIM cultures as compared to controls (MSCGM) (Fig. 5) . We then measured ALP activity of hMSC cultured in MSCOIM or MSCGM. As shown in Fig. 6 , there was increased ALP activity in the hMSC cultures on day 4, with the increase peaking on day 7. Furthermore, gene expression of Cbfa-1 and BMP-4 were examined by real-time PCR. Both Cbfa-1 and BMP-4 mRNA levels were significantly enhanced on culture day 12 as compared to day 0 (Table 1) .
Cell adhesion
The hMSC attachment and spreading were also examined on FN-coated dishes and compared with Alb-coated dishes, which were used as controls. Enhanced cell attachment and spreading were observed in the FN-coated dishes as compared to the Alb-coated dishes (Fig. 7) . To quantitatively confirm the number of adherent cells on the FN-coated and Alb-coated dishes, each were measured and compared. As shown in Fig. 8 , hMSC rapidly adhered to the FN-coated dishes in the earlier stages, i.e., up to the 20 minute time point, and higher cell numbers were found in the samples obtained up to the 50 min point as compared to the Alb-coated dishes.
Discussion
Tissue engineering, which includes bed structures for osteogenesis in dental implantations, makes use of the advantage of combining cultured living cells and an implant body that can be used as a scaffold (10) (11) (12) . Previous attempts to tissue engineer bone or cartilage reconstruction around implants have utilized osteoblasts or chondrocytes encapsulated in various hydrogels, which can survive in vitro fabrication and be able to synthesize cell-associated scaffold extracellular matrices (13, 14) . For dental implantation, it is recommended that patients have transplantation of normal osteoblasts or chondrocytes that come from their own bodies. However, this may not always be possible. On the other hand, cultured MSC from bone marrow can be regarded as a bone progenitor/precursor cell population that can be derived from adults (6, 7) . It has the ability to proliferate extensively, and maintain its ability to differentiate into osteoblastic or chondrocytic cells in vitro. The objective of this study was to examine hMSC differentiation into the osteoblastic lineage and study the cell attachment that occurs during early stages when using FN as a scaffold. In our preliminary experiments, the ability of hMSC to differentiate into osteoblasts was examined. Results obtained from the calcium assay and alizarin red S and von Kossa staining documented that mineralization occurred in the cell layers during osteoblast differentiation of the hMSC in the MSCOIM cultures. ALP activity and gene expression for Cbfa-1and BMP-4, which are markers for osteogenic differentiation, increased for hMSC during cultures with MSCOIM. These findings demonstrate that hMSC maintain the ability to differentiate into osteoblastic cells and thus it seems likely that MSCOIM is necessary in order to be able to induce differentiation and mineralization of hMSC. Therefore our data indicate that the osteogenic potential of hMSC-derived osteogenic precursors may be useful for autologous grafts.
For dental implantation, a stable primary stabilization and a subsequent osseointegration of the endoprotheses are of critical importance with regard to the overall clinical results. In order to accelerate and enhance the bone growth and to strengthen the osseous fixation, implant surfaces have been modified, and in particular, there has been an increased use in surface coatings of functional proteins. Numerous substances, such as growth factors (2, 15, 16) and extracellular matrices (3) (4) (5) (16) (17) (18) , are currently used to coat the surfaces of the biomaterial used in the implants. FN is a major extracellular matrix protein and is found in abundance in blood plasma. This protein is known to be involved in cell adhesion processes and contains the specific amino acid sequence for the RGD motif that is recognized by specific cell membrane receptors such as integrins (19) .
In our study, the measurement of cell adhesion during the early stages showed that hMSC had enhanced cell attachment and spreading in FN-coated dishes as compared to the Alb-coated control dishes. It has also been reported that in non-differentiation, expanded attached hMSC were uniformly positive for SH2, SH3, CD29, CD44, CD71, CD90, CD106, CD120a, and CD124 (7). CD29, which is β1 integrin, has been suggested to be important for cell adhesion in hMSC (20) , although there have been no reports on the presence of α integrins (CD49a-f) in hMSC to the best of our knowledge. On the other hand, CD44 is not only hyaluronic acid but also a FN receptor, and it has been implicated in hematopoietic stem cell adhesion, proliferation, and mobilization (21) . Enhanced cell attachment and spreading in FN-coated plates may be associated with CD29 and CD44 of the hMSC surface proteins.
The most frequent complication of dental implantation is bone resorption that is initiated by an inflammatory response at the implant site. Recent studies have demonstrated that titanium is the most frequent component of dental implants, and that this material is responsible for inducing apoptosis and suppressing expression of the osteoblastic phenotype in hMSC (22, 23) . Therefore, it is suggested that precoating dental implants with extracellular matrices such as FN is an important strategy when trying to improve the success rate for tissue regeneration.
The results obtained in this paper are very promising and we propose that the use of culture-expanded osteoprogenitor cells in conjunction with a FN-modified implant body will lead to significant improvements in grafting techniques.
